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0 Gamma ray spectroscopy in cased boreholes. 



0 Apparatus for measuring fast neutron induced 
gamma ray energy spectra in cased wellbores (10) 
has an electronic source (28) of monoenergetic fast 
neutrons, a high density scintillation detector (27), a 
downhole pulse height analyzer (26), a gain control 
means (25) and a timing means (23). The gain 
stabilization utilizes the iron (Fe) edge in the capture 
gamma ray spectrum to establish system gain since 
iron is always present in the tool case and the 
wellbore casing. 
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This invention relates to a method and appara- 
tus for measuring gamma ray spectra in cased 
boreholes. 

Proposals to use induced gamma ray spec- 
troscopy for detecting the carbon/oxygen ratio in a 
well borehole date back several decades. Commer- 
cial operations in this field began in the mid-1 970*s. 
The primary applications today remain the cased 
hole determination of oil saturation in reservoirs of 
low or unknown water salinity. Recent efforts have 
expanded the use of the technique to geochemical 
analysis in open hole. Unfortunately, the intrinsic 
dynamic range of the carbon/oxygen ratio mea- 
surement is small. This requires very high statisti- 
cal precision for reasonable oil saturation uncer- 
tainty. Until recently, the technique has been very 
slow and often required stationary measurements. 
This was in part because of the small intrinsic 
dynamic range of the carbon oxygen ratio, but also 
because the detectors used in well logging instru- 
ments had significant limitations. 

Over the past decade or so, several new high 
density scintillators have become available which 
can provide improved gamma ray detection capa- 
bility. Newer carbon/oxygen and geochemical log- 
ging tools can use these new high density scintil- 
lators. One of these materials is bismuth germanate 
(BGO). The merit of the high density scintillator 
relative to conventional sodium iodide detectors 
(previously used in induced gamma ray spectrom- 
eters) is that it provides substantially better detec- 
tion efficiency. That is, a larger fraction of the total 
gamma ray flux is in the full energy or first escape 
peak. Less gamma ray energy is disposed in the 
structureless Compton scattered low energy tail, in 
the more dense bismuth germanate detectors rela- 
tive to sodium iodide. 

We have now devised an improved apparatus 
for downhole gamma ray logging which can not 
only utilise the more dense detectors, but also 
uses a unique gain stabilization system to achieve 
more accurate energy representation of the de- 
tected gamma rays by more precisely controlling 
the system gain. 

According to the invention, there is provided 
apparatus for measuring gamma ray spectra in 
cased well boreholes, which apparatus comprises: 

a) an electronic source of monoenergetic fast 
neutrons for emission in pulses to penetrate 
borehole fluid casing and its cement sheath and 
enter the earth formations in the vicinity of the 
borehole, to be moderated to thermal energy 
and captured by the nuclei of elements in and 
about the borehole; 

b) a high density scintillation detector optically 
coupled to a photomultiplier for detecting gam- 
ma radiation induced by said neutrons and to 
produce output electrical pulses having a height 



representative of the energy of a gamma ray 
impinging on said high density scintillator; 
c) pulse height analyzer means connected to the 
output of said scintillation detector and said 
5 photomultiplier for separating the gamma ray 
energy spectrum of impinging gamma rays into 
energy components and for making counts of 
said energy components as a function of en- 
ergy; 

w d) timing means for generating time gates to 
time separate fast neutron induced gamma rays, 
thermal neutron capture gamma rays, and back- 
ground gamma rays prior to their presentation to 
said pulse height analyzer; and 
75 e) gain control means utilizing the iron edge of 
the thermal neutron capture gamma ray spec- 
trum for gain stabilizing said photomultiplier out- 
put, the gain value thus established being ap- 
plied to all inelastic capture and background 
20 spectra measured. 

The invention also includes a method of log- 
ging using an apparatus of the invention. 

The induced gamma ray spectrometry tool of 
the present invention uses a monoenergetic, prefer- 
25 ably 14 MeV, source to irradiate earth formations in 
the vicinity of the borehole with 14 MeV neutrons. 
Time gates are provided to detect both capture 
gamma ray spectra and an inelastic scattering 
gamma ray spectrum. A bismuth germanate 
30 (BGO) detector is preferably used in the system of 
the present invention. Output pulses from the 
photomultiplier tube which is optically coupled to 
the BGO detector are supplied to a pulse height 
analyzer, having 256 channel of energy resolution. 
35 A portion of the measured capture gamma ray 
spectrum itself, employing the iron edge, is used to 
gain stabilize pulse height analyzer circuitry there- 
by making it extremely stable. 

The downhole measured pulse height spectra 
40 are accumulated in a downhole memory which is 
part of the pulse height analyzer and are telemeter- 
ed to the surface via a digital telemetry system at 
regular intervals. A surface computer then is pro- 
grammed to analyze the spectra and to record 
45 various quantities of interest, such as the car- 
bon/oxygen ratio; the silicon to calcium ratio; and 
other parameters of interest in neutron induced 
gamma ray spectroscopy logging. 

In order that the invention may be more fully 
so understood, reference is made to the accompany- 
ing drawings, in which: 

Fig. 1 is a schematic diagram illustrating a well 
logging system, in accordance with concepts of 
the present invention, disposed in a well 
55 borehole; 

Fig. 2A is a timing diagram showing the timing 
of a short spaced burst subsequence for both 
the neutron source and detector when used in 



3 



EP 0 640 848 A1 



4 



accordance with concepts of the present inven- 
tion; 

Fig. 2B is a timing diagram showing the timing 
subsequence for a slow or long spaced neutron 
burst subsequence for both the neutron source 
and the detector when used in accordance with 
concepts of the present invention; 
Rg. 3 is a diagram illustrating an inelastic gam- 
ma ray spectrum taken with an instrument ac- 
cording to the concepts of the present invention; 
and 

Fig. 4 is a schematic diagram illustrating a cap- 
ture gamma ray spectrum taken according to 
the concepts of the present invention and show- 
ing gain stabilization of energy windows. 

DETAILED DESCRIPTION OF THE INVENTION 

Referring initially to Fig. 1 , a well logging sys- 
tem in accordance with concepts of the present 
invention is illustrated in a very highly schematic 
manner in a cased well borehole. A well borehole 
10 lined with a steel casing 30 and filled with a 
borehole fluid 11 penetrates earth formations 17, 
18, 19 and 20. A well logging cable 12, which is of 
the usual armored multiconductor cable type, sup- 
ports in the borehole 10, a well logging sonde 21 
for making neutron induced gamma ray spectral 
measurements in accordance with the concepts of 
the present invention. The well logging cable 12 
passes over a sheave wheel 13 which maybe elec- 
trically or mechanically coupled, as indicated by a 
dotted line 14, to a spectral analysis computer 15 
and a data recorder 16. The spectral analysis com- 
puter 15 may comprise, for example, any suitably 
programmed general purpose computer capable of 
receiving signals from the downhole equipment. 
The recorder 16 may comprise a strip chart re- 
corder, as indicated having a record medium 17, or 
may comprise a digital tape or a disk file memory 
as desired. 

The downhole sonde 21 comprises a power 
supply portion 22, a timing circuit portion 23, a 
telemetry portion 24, a gain stabilizer portion 25, a 
pulse height analyzer portion 26, a detector portion 
27, a source portion 28, and a high voltage power 
supply portion 29. In operation, the power supply 
portion 22 takes electrical power from one or more 
of the conductors of logging cable 12 and converts 
it to appropriate voltage and current levels for sup- 
plying internal circuits of the downhole sonde 21 
with electrical power as required. The timing cir- 
cuits, as will be discussed in more detail subse- 
quently in conjunction, with Figure 2, provide tim- 
ing pulses for opening and closing various data 
gates and thereby operating various detection 
schemes according to the concepts of the inven- 
tion. The telemetry circuitry 24 is a conventional 



digital telemetry system capable of communicating 
to and from the surface supplied equipment at a 
rate of 50 kilobits/sec. 

The gain stabilizer circuit 25, which will be 

5 described in more detail subsequently, operates in 
conjunction with the pulse height analyzer 26. The 
analyzer 26 receives signals from the detector por- 
tion of the tool 27. The detector signals are repre- 
sentative of gamma rays impinging upon the detec- 

io tor and which have been induced by a neutron 
bombardment from a neutron source 28 which is 
supplied for its operation by approximately 100 
kilovolt high voltage power supply 29 or from a 
background gamma ray source. 

75 Figure 2, comprising a fast timing subycycle 
shown as Figure 2a and a slower timing subcycle 
shown as Figure 2b, illustrates the timing applied to 
both the neutron source 28 and the detector cir- 
cuits 26,27 in the present invention. Referring ini- 

20 tially to Figure 2b, a timing cycle of 5 milliseconds 
in duration and repeated 50 times/sec. is illustrated. 
The neutron source 28 is turned on for a very short 
14 MEV neutron pulse having a time duration of 
approximately 15 microseconds at the beginning of 

25 this 5 millisecond duration sub-cycle. 

During the 1985 microseconds after the neu- 
tron source is turned off, a plurality of time gates 
are opened to measure the thermal neutron popula- 
tion die-away as a function of time. Up to six, eight 

30 or even more gates maybe used as desired ac- 
cording to known techniques such as that of U.S. 
Patent 4,424,444. Using this technique the borehole 
and formation thermal neutron capture cross-sec- 
tions are measured. Thus the die-away of thermal 

35 neutrons produced by the moderation of the fast 
neutrons emitted by the neutron source 28 are 
detected for the first two milliseconds of this 5 
millisecond subcycle. For the remaining 3 millisec- 
onds of the subcycle portion of Figure 2b, then, the 

40 detector 27 is used to detect background gamma 
radiation due to naturally occurring gamma rays in 
the earth formations surrounding the well bore. All 
measurements may thus be corrected for back- 
ground based on this background measurement by 

45 subtraction of the appropriately scaled count rate. 

During the fast pulse portion of the timing 
diagram illustrated in Figure 2a, it may be ob- 
served that the neutron source is pulsed on for 
fifteen microsecond duration pulses (indicated as 

50 NB in the timing diagram). In Figure 2a, while the 
neutron bursts starting at time T = zero and T = 
100 microseconds are taking place an inelastic 
scattering gamma ray time gate is opened allowing 
pulses from the detector 27 occurring during the 

55 neutron burst to be gated to the pulse height 
analyzer circuitry 26. At the close of the neutron 
burst, the detector 27 is gated off for approximately 
5 microseconds. This allow thermalization of the 
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fast neutrons. Then a first capture gamma ray time 
gate having a duration of thirty-five from 20 to 55 
microseconds) is opened. A second capture gam- 
ma ray time gate having a duration of thirty-five 
microseconds (from 55 to 90 microseconds) is 
opened thereafter. These gates are labeled respec- 
tively CG1 and CG2 in Figure 2a. The entire short 
or fast pulse cycle is then repeated beginning at 
the time labeled 100 microseconds of Figure 2a 
and the neutron source and detector timing are 
repeated as previously described for the next 100 
microseconds. The entire sequence which is illus- 
trated in Figure 2a is repeated for a period of 1500 
microseconds. The short or fast pulse subintervals 
of 100 microseconds duration are time interlocked 
with the longer 5 millisecond intervals illustrated in 
Figure 2B. Timing pulses suitable for this purpose 
are produced in Timing Circuit section 23 of Figure 
1. 

Referring now to Figure 3, an inelastic gamma 
ray energy spectrum which comprises gamma ray 
pulses detected during the gates labelled IG - 
(inelastic gamma rays) in Figure 2a and supplied to 
the pulse height analyzer 26 during this time when 
the neutron bursts are on is shown schematically. It 
will be observed that in the inelastic gamma ray 
spectrum that inelastic scattering peaks attributable 
to carbon, oxygen, silicon and calcium appear in 
the inelastic gamma ray spectrum. The inelastic 
spectrum of course is caused by a fast neutron 
scattering from the nucleus of an element in the 
vicinity of the borehole and exciting these nuclei to 
higher energy levels thereby losing some of fine 
energy of the scattered neutrons (ie. scattering with 
energy loss). The excited nuclei returning to the 
ground state emit gamma rays characteristic of 
each of the nuclear species. Energy windows label- 
led C, O, Ca, Si are shown in the spectrum of 
Figure 3 for the carbon, oxygen, silicon and cal- 
cium inelastic scattering energy peaks. 

Referring now to Figure 4, a capture gamma 
ray spectrum is shown schematically. The capture 
gamma ray spectrum is taken in gates labeled CG1 
and CG2 in Figure 2a. This spectrum is attributable 
to the emission of gamma rays by the decay to the 
ground state of nuclei which have been excited by 
the capture of thermalized neutrons. As it takes 
perhaps several microseconds for all of the neu- 
trons to become thermalized following the emission 
of a fast neutron burst from the source 28 of the 
instrument 21 shown in Figure 1 , the waiting period 
of 5 microseconds between the end of the neutron 
burst to the beginning of the capture gamma ray 
gates illustrated in Figure 2a allows for thermaliza- 
tion of the fast 14 MeV neutrons emitted by the 
source 28 to achieve a thermal neutron population. 

Referring again to Figure 4, it will be seen that 
the iron peak (labelled Fe in Figure 4) occurs at an 



energy of 7.65 MeV. Energy windows labeled W1 
and W2 are positioned to straddle the Fe peak and 
are used for system gain control purposes. The 
iron peak will of course always be present in a 

5 cased well borehole in which the pulsed spectral 
gamma ray tool according to the concepts of the 
present invention is deployed. 

The iron edge is always a prominent feature in 
cased well borehole spectrum, because the casing 

io and the tool housing both contain iron. The iron 
peak is located at 7.65 MeV and is discernable, but 
not very prominent, in the capture gamma ray 
spectrum of Figure 4. This peak becomes less 
prominent if chlorine infested or salt water is 

75 present in the earth formations surrounding the 
borehole. However, all of the capture gamma ray 
spectra show a precipitous drop at energies just 
above the iron 7.65 MeV line. Thus, two equal 
width adjacent windows labeled W1 and W2 span- 

20 ning this edge are indicated in Figure 4. Equality of 
width of these energy windows is not a critical 
requirement but is only made for convenience. 

A spectral procedure for gain stabilization is 
based upon the count rates in the energy windows 

25 labeled W1 and W2. This procedure which is im- 
plemented in a microprocessor program in gain 
stabilizer 25 adjusts the photomultiplier high volt- 
age (contained in detector 27) to maintain the ratio 
of counts in the energy window labeled W1 to that 

30 in energy window labeled W2 equal to the integer 
two. Again, this value of 2.0 is not particularly 
necessary as any value in the range from two to 
three would probably work just as well. It is merely 
convenient to use. Thus, the gain of the photomul- 

35 tiplier portion of detector 27 is increased whenever 
the ratio becomes greater than 2.0 and the gain of 
the photomultiplier is decreased whenever the ratio 
becomes less than 2.0. This places the juncture of 
the two windows near the upper count rate portion 

40 of the iron (Fe) edge. Because there are two gain 
settings where the window ratio will be 2, a start up 
procedure is required to assume selection of the 
correct gain value. This is accomplished by raising 
the photomultiplier gain until the count rate in the 

45 upper window W2 exceeds a predetermined mini- 
mum value prior to beginning the gain stabilization 
process as previously described. 

Laboratory and field experience have demon- 
strated the utility and reliability of this technique of 

so gain stabilization. Important and innovative features 
of this gain stabilization are that no isotopic source 
is required which would contribute a background to 
the primary measurement. Also, the stabilization is 
made on a feature of a capture gamma ray spec- 

55 trum which is always present and which is unper- 
turbed by formation matrix composition or borehole 
or formation fluid composition. Finally, stabilization 
of the pulse height analyzer spectral gain on a high 
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energy feature of the spectrum renders the spec- 
trum much less sensitive to zero offset. 

It should also be noted that while the preferred 
embodiment previously described varies the high 
voltage on the photomultiplier tube itself inorder to 
effect gain stabilization, that this stabilization tech- 
nique could equally well be applied to a variable 
gain amplifier which would come subsequent to the 
photomultiplier tube in the electronic circuitry com- 
prising the detector 27 portion of the sonde 21 of 
Figure 1 . 

Claims 

1. Apparatus for measuring gamma ray spectra in 
cased well boreholes, which apparatus com- 
prises: 

a) an electronic source (28) of monoener- 
getic fast neutrons for emission in pulses to 
penetrate borehole fluid (11), casing (30) 
and its cement sheath and enter the earth 
formations in the vicinity of the borehole, to 
be moderated to thermal energy and cap- 
tured by the nuclei of elements in and about 
the borehole; 

b) a high density scintillation detector (27), 
optically coupled to a photomultiplier for 
detecting gamma radiation induced by said 
neutrons and to produce output electrical 
pulses having a height representative of the 
energy of a gamma ray impinging on said 
high density scintillator; 

c) pulse height analyzer means (26) con- 
nected to the output of said scintillation 
detector and said photomultiplier for sepa- 
rating the gamma ray energy spectrum of 
impinging gamma rays into energy compo- 
nents and for making counts of said energy 
components as a function of energy; 

d) timing means (23) for generating time 
gates to time separate fast neutron induced 
gamma rays, thermal neutron capture gam- 
ma rays, and background gamma rays prior 
to their presentation to said pulse height 
analyzer; and 

e) gain control means (25) utilizing the iron 
edge of the thermal neutron capture gamma 
ray spectrum for gain stabilizing said 
photomultiplier output, the gain value thus 
established being applied to all inelastic cat- 
pure and background spectra measured. 

2. Apparatus according to Claim 1, including 
means for producing gamma ray energy spec- 
tra of inelastic scattering induced gamma radi- 
ation during said pulses of fast neutrons. 



3. Apparatus according to claim 2, wherein said 
producing means is arranged to divide inelastic 
gamma ray spectra into energy components 
representative of inelastic gamma radiation 

5 produced by carbon, oxygen, silicon and cal- 

cium. 

4. Apparatus according to Claim 3, wherein ther- 
mal neutron capture gamma ray spectra of 

10 gamma radiation induced by the capture of 
thermalized fast neutrons are detected during 
the quiescent interval between said neutron 
pulses. 

15 5. Apparatus according to Claim 4, wherein said 
thermal neutron capture gamma ray spectra 
are divided into energy components represen- 
tative of capture gamma rays from hydrogen, 
silicon, calcium, chlorine, potassium, sulfur, 

20 titanium and iron. 

6. Apparatus according to Claim 5, wherein said 
gain control means (25) comprises a micropro- 
cessor programmed to control the gain of said 

25 photomultiplier based on a ratio of count rates 

in two energy windows straddling the 7.65 
MEV iron (Fe) peak. 

7. Apparatus according to Claim 6, wherein said 
30 microprocessor is programmed to maintain 

said count rate ratio in said two energy win- 
dows straddling the 7.65 MEV iron peak as a 
predetermined constant. 

35 8. Apparatus according to any of Claims 1 to 7, 
further including: 

f) means for generating time gates during 
the quiescent period between neutron 
bursts in a sequence of at least four such 
40 gates, to generate a sequence of count 

rates representative of the die away of the 
population of thermal neutrons produced by 
said fast neutron pulses, said apparatus 
preferably also including: 
45 g) means for generating time gates during 

the quiescent period between neutron 
bursts, and separate from said sequence of 
at least four such gates, to generate a count 
rate representative of the background gam- 
so ma ray count rate in the well borehole. 

9. Apparatus according to any of Claims 1 to 8, 
wherein the inelastic gamma ray spectra, the 
capture gamma ray spectra and the thermal 
55 neutron die away time gate count rates are 
corrected for background by count rates mea- 
sured in step (g). 
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10. Apparatus according to any of Claims 1 to 9, 
wherein said scintillation detector comprises a 
bismuth germanate detector, or comprises a 
material using other than a high density scin- 
tillation material for the detector. 5 
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